Current tabling systems suffer from an increase in space complexity, time complexity or both when dealing with sequences due to the use of data structures for tabled subgoals and answers and the need to copy terms into and from the table area. This symptom can be seen in not only B-Prolog, which uses hash tables, but also systems that use tries such as XSB and YAP. In this paper, we apply hash-consing to tabling structured data in BProlog. While hash-consing can reduce the space consumption when sharing is effective, it does not change the time complexity. We enhance hash-consing with two techniques, called input sharing and hash code memoization, for reducing the time complexity by avoiding computing hash codes for certain terms. The improved system is able to eliminate the extra linear factor in the old system for processing sequences, thus significantly enhancing the scalability of applications such as language parsing and bio-sequence analysis applications. We confirm this improvement with experimental results.
Introduction
Tabling, as provided in logic programming systems such as B-Prolog (Zhou et al. 2008) , XSB (Swift and Warren 2012) , YAP (Santos Costa et al. 2012) , and Mercury (Somogyi and Sagonas 2006) , has been shown to be a viable declarative language construct for describing dynamic programming solutions for various kinds of real-world applications, ranging from program analysis, parsing, deductive databases, theorem proving, model checking, to logic-based probabilistic learning. The main idea of tabling is to memorize the answers to subgoals in a table area and use the answers to resolve their variant or subsumed descendants. This idea of caching previously calculated solutions, called memoization, was first used to speed up the evaluation of functions (Michie 1968) . Tabling can get rid of not only infinite loops for bounded-term-size programs but also redundant computations in the execution of recursive programs. While Datalog programs require tabling only subgoals with atomic arguments, many other programs such as those dealing with complex language corpora or bio-sequences require tabling structured data. Unfortunately, none of the current tabling systems can process structured data satisfactorily. Consider, for example, the predicate is list/2: :-table is_list/1.
is_list([]). is_list([_|L]):-is_list(L).
For the subgoal is list ([1,2,...,N] ), the current tabled Prolog systems demonstrate a higher complexity than linear in N: B-Prolog (version 7.6 and older) consumes linear space but quadratic time; YAP, with a global trie for all tabled structured terms (Raimundo and Rocha 2011) , consumes linear space but quadratic time; XSB is quadratic in both time and space. The nonlinear complexity is due to the data structure used to represent tabled subgoals and answers and the need to copy terms into and from the table area.
The inefficiency of early versions of B-Prolog in handling large sequences has been reported and a program transformation method has been proposed to index ground structured data to work around the problem (Have and Christiansen 2012) . In old versions of B-Prolog, tabled subgoals and answers were organized as hash tables, and input sharing was exploited to allow a tabled subgoal to share its ground structured arguments with its answers and its descendant subgoals. Input sharing enabled BProlog to consume only linear space for the tabled subgoal is list ([1,2,.. 
.,N]).
Nevertheless, since the hash code was based on the first three elements of a list, the time complexity for a query like is list([1,1,...,1]) was quadratic in the length of the list. B-Prolog didn't support output sharing, i.e. letting different answers share structured data. Therefore, on the tabled version of the permutation program that generates all permutations through backtracking, B-Prolog would create n×n! cons cells where n is the length of the given list.
This problem with tabling structured data has been noticed before and several remedies have been attempted. One well known technique used in parsing is to represent sentences as position indexed facts rather than lists. XSB provides tabled grammar predicates that convert list representation to position representation by redefining the built-in predicate 'C'/3.
1 The position representation is also used for PCFG parsing in PRISM (Sato and Kameya 2008) . A program transformation method has been proposed to index ground structured data to work around the quadratic time complexity of B-Prolog's tabling system (Have and Christiansen 2012) . Nevertheless, these remedies have their limitations: the position representation disallows natural declarative modeling of sequences and the program transformation incurs considerable overhead. Have and Christiansen advocate for native support of data sharing in tabled Prolog systems for better scalability of their bio-sequence analysis application (Have and Christiansen 2012) .
We have implemented full data sharing in B-Prolog in response to the manifesto. In the new version of B-Prolog, both input sharing and output sharing are exploited to allow tabled subgoals and answers to share ground structured data. Hash-consing (Ershov 1959) , a technique originally used in functional programming to share values that are structurally equal (Goto 1974; Appel and de Rezende Goncalves 2003) , is adopted to memorize structured data in the table area. This technique avoids storing the same ground term more than once in the table area. While hash-consing can reduce the space consumption when sharing is effective, it does not change the time complexity. To avoid the extra linear time factor in dealing with sequences, we enhance hash-consing with input sharing and hash code memoization. For each compound term, an extra cell is used to store its hash code.
Our main contribution in this paper is to apply hash-consing to tabling and enhance it with techniques to make it time efficient. The resulting system demonstrates linear complexity in terms of both space and time on the query is list(L) for any kind of ground list L. As another contribution, we also compare tries with hash consing in the tabling context. As long as sequences are concerned, a trie allows for sharing of prefixes while hash-consing allows for sharing of ground suffixes. While we can build examples that arbitrarily favor one over the other, for recursively defined predicates such as is list, it is more common for subgoals to share suffixes than prefixes. The enhanced hash-consing greatly improves the scalability of PRISM on sequence analysis applications. Our experimental results on a simulator of a hidden Markov model show that PRISM with enhanced hash-consing is asymptotically better than the previous version that supports no hash-consing.
The remainder of the paper is structured as follows: Section 2 defines the primitive operations on the table area used in a typical tabling system; Section 3 presents the hash tables for subgoals and answers, and describes the copy algorithm for copying data from the stack/heap to the table area; Section 4 modifies the copy algorithm to accommodate hash-consing; Section 5 describes the techniques for speeding up computation of hash codes; Section 6 evaluates the new tabling system with enhanced hash-consing; Section 7 gives a survey of related work; and Section 8 concludes the paper.
Operations on the Table Area
A tabling system uses a data area, called table area, to store tabled subgoals and their answers. A tabling system, whether it is suspension-based SLG (Chen and Warren 1996) or iteration-based linear tabling (Zhou et al. 2008 amongst others a pointer to a copy of the answer. When an answer is produced for a subgoal, the subgoal's answer table is looked up to see if a variant of the answer exists. If not, a record is allocated and the answer is copied from the stack/heap to the table area. The answers in a subgoal's answer table are connected from the oldest one to the newest one such that they can be consumed by the subgoal one by one through backtracking.
In the implementation, a hash table is represented as an array. To add an item into a hash table, the system computes the hash code of the item and uses the hash code modulo the size of the array to determine a slot for the item. All items hashed to the same slot are connected as a linked list, called a hash chain. A hash table is expanded when the number of records in it exceeds the size of the array.
The WAM representation (Warren 1983 ) is used to represent both terms on the heap and terms in the table area except that variables in tabled terms are numbered. A term is represented by a word containing a value and a tag. The tag distinguishes the type of the term. It may be REF denoting a reference, ATM an atomic value, STR a structure, LST a cons, or NUMVAR a numbered variable. A STR-tagged reference to a structure f (t 1 , . . . , t n ) points to a block of n + 1 consecutive words where the first word points to the functor f /n in the symbol table and the remaining n words store the n components of the structure. An LST-tagged reference to a list cons [H|T ] points to a block of two consecutive words where the first word stores the car H and the second word stores the cdr T . Figure 1 gives the definition of the function copy term that copies a numbered term from the stack/heap to the table area. The hash function is designed in such a way that the hash code of a non-ground term is always 0. The function call seq hcode(code1,code2) gives the combined hash code of the two hash codes from two components:
If either code is 0, then the resulting code is 0 too.
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It is assumed that all the variables in a subgoal have been numbered before the arguments are copied. In the real implementation, variables are numbered inside the function copy term. The function call copy subgoal args(src,des,arity) copies the arguments of a numbered subgoal to the table area where (src-i) points to the ith argument on the stack and (des+i) is the destination in the table area where the argument is copied to. In the TOAM architecture (Zhou 2012) on which B-Prolog is based, arguments are passed through the stack and the stack grows downward from high addresses to low ones. That is why (src-1) points to the first argument and (src-arity) points to the last argument of the subgoal. A similar function is used to copy answers to the table area.
The function copy term is not tail recursive and can easily cause the native C stack to overflow when copying large lists. In the real implementation, an iterative version is used to copy a list and compute its hash code. For a cons, the function needs to compute the hash codes of the car and the cdr before computing its hash code. The function does this in two passes: in the first pass it reverses the list and in the second pass it computes the hash codes while reversing the list back.
The function copy term exploits no sharing of data. Consider, for example, the following program and the query is list ([1,2] updated version of copy term that performs hash-consing. If the term is a list or a structure, the function copies it into the table area first. If the term is ground, it then calls the function hash consing(t1,hcode) to look up the terms-table to see if a copy of t1 already exists in the table. If so, hash consing(t1,hcode) returns the copy; otherwise, it inserts t1 into the terms-table and returns t1 itself. If an old copy in the terms-table is returned (t1 != t2), the function deallocates the memory space allocated for the current copy.
With hash-consing, the query ?-is list([1,2]) only creates one copy of [1,2] in the table area and the list is shared by the subgoals and the answers. As [2] is the cdr of [1, 2] , no separate copy is stored for it. So, only 4 words are used in total for the list. The number of words used for hashing the two lists varies, depending on if there is a collision. If no collision occurs, two slots in the terms-table are used; otherwise, one slot in the terms-table is used and one node with two words is used to chain the two lists. So in the worst case, 7 words are needed in total.
Enhanced Hash-Consing
With hash-consing, the tabled subgoal is list([1,...,N] 
Hash code memoization
The first technique is to table hash codes of structured terms in the table area. For each structure or a list cons in the table area, we use an extra word to store its hash code. The WAM representation of terms is not changed. The word for the hash code of a compound term is located right before the term. So assume p is the untagged reference to a structure or a list cons, then p-1 references the hash code. Figure 3 gives a new version of copy term that tables hash codes. Tabled hash codes are used for two purposes. Firstly, when searching for the term t1 in the hash chain, the function hash consing(t1,hcode) always compares the hash codes first and only when the codes are equal will it compare the terms. Secondly, the system reuses the tabled hash codes of terms when it expands a hash table and rehashes the terms into the new hash table.
With tabled hash codes, the subgoal is list([1,...,N]) still takes quadratic time since the list [1,...,N] resides on the heap and for each descendant subgoal, the hash code of the argument is not available and hence has to be computed. To avoid this computation, we introduce input sharing.
Input Sharing
Input sharing amounts to letting a subgoal share its ground terms with its answers and descendant subgoals. Consider the tabled subgoal is list ([1,2,3] ). The answer is the same as the subgoal, so it shares the term [1,2,3] with the subgoal in the table area. The direct descendant subgoal is is list ([2,3] ). Since the list [2,3] is a suffix of [1,2,3], the descendant subgoal should share it with the original subgoal in the table area.
To implement input sharing, we let the copying procedure set the frame slot of an argument of a tabled subgoal to the address of the copied argument in the table area if the argument is a ground structured term. So for the tabled subgoal is list ([1,2,3] ), the frame slot of the argument initially references the list [1,2,3] on the heap. After the subgoal is copied to the table area, the frame slot is set to reference the copy of the list in the table area. In this way, the list will be int copy term(Term t, TermPtr des){ deref(t); switch (tag(t)){ case NUMVAR: *des = t; return 0; case ATM: *des = t; return atomic hcode(t); case LST: p1 = untag(t); if (!is heap reference(p1)){ *des = t; return *(p1-1); /* return the tabled hash code */ } p2 = allocate from table(3); p2++; car code = copy term(*p1, p2); cdr code = copy term(*(p1+1), p2+1); hcode = seq hcode(car code,cdr code); *(p2-1) = hcode; t1 = add tag(p2,LST); if (is ground hcode(hcode)){ t2 = hash consing(t1,hcode); if (t1 != t2){ deallocate to table(3); t1 = t2; } } *des = t1; return hcode; case STR: p1 = untag(t); if (!is heap reference(p1)){ *des = t; return *(p1-1); /* return the tabled hash code */ } sym = *p1; arity = get arity(sym); p2 = allocate from table(arity+2); p2++; hcode = *p2 = sym; for (i=1;i<=arity;i++) hcode = seq hcode(hcode, copy term(*(p1+i), p2+i)); *(p2-1) = hcode; t1 = add tag(p2,STR); if (is ground hcode(hcode)){ t2 = hash consing(t1,hcode); if (t1 != t2){ deallocate to table(arity+2); t1 = t2; } } *des = t1; return hcode; } /* end switch */ } /* end copy term */ Fig. 3 . Tabling hash codes while copying with hash-consing.
shared by answers and the descendant subgoals. For programs that do not use destructive assignments, which is the case for tabled programs, updating frame slots this way causes no problem.
The function copy subgoal args shown in Figure 4 implements input sharing. When an argument is found to be ground, the function lets the stack slot of the argument reference its copy in the table area. The function copy term (in Figure int copy subgoal args(TermPtr src, TermPtr des, int arity){ hcsum = 0; for (i=1;i<=arity;i++){ hcode = copy term(*(src-i), des+i); if (is ground hcode(hcode)) *(src-i) = *(des+1); hc sum = seq hcode(hc sum,hcode); } return hc sum; } Fig. 4 . Input sharing by updating frame slots.
3) tests the reference to a compound term to see if the term needs to be copied. If it is not a heap reference, then the referenced term must reside in the table area and thus can be reused.
Note that our input sharing scheme has its limitation in the sense that it fails to facilitate sharing of ground components in non-ground arguments. Consider, for example, the subgoal is list([X,2,3]). The suffix [2,3] will not be shared through input sharing in our implementation since the argument is not ground. It will eventually be shared through hash-consing, but its hash code needs to be computed again when it occurs in a descendant subgoal or an answer.
Evaluation
The improved tabling system described in this paper has been implemented and made available with B-Prolog version 7.7 (BP7.7). We evaluate the proposed approach by comparing BP7.7 with YAP (version 6.3.2) and XSB (version 3.3.6), and also the previous version of B-Prolog, version 7.6 (BP7.6), which did not have enhanced hash-consing. We also compare it with indexed programs produced by the transformation proposed in (Have and Christiansen 2012) running on B-Prolog 7.6 (indexed). We use the is list/1 predicate, the edit distance/3 5 program, and a PRISM program to show the effectiveness of the proposed techniques. We also test on a program that favors prefix sharing with tries more than suffix sharing with hash-consing. In addition, we also show results for the CHAT suite and the ATR parser, the traditional benchmarks used to evaluate tabling systems.
The results are obtained on a Linux machine with 16 2.4 GHz, 64 bit Intel Xeon(R) E7340 processor cores and 64 GB of memory. For this evaluation, only a single processor core is utilized. CPU times (in seconds) and table space (in kilobytes) consumptions are measured using the statistics/1 built-in for BP and XSB, and table statistics/1 for YAP. Table 1 shows the results on the query is list ([1,1 ,...,1]) where N is the number of 1s in the list. All the systems except for BP7.6 demonstrate a close-tolinear complexity. The higher time complexity of BP7.6 is due to that fact that BP7.6 only uses the first three elements of a list as the key and hashing degenerates into linear search for the query because of hash collision. The difference in time among BP7.7, YAP and XSB is at least a large constant factor. As mentioned above, a trie allows for sharing of prefixes while hash-consing allows for sharing of suffixes as long as lists are concerned. For a list that contains repeated data, there are an equal number of prefixes and suffixes, and hence both types of sharing are equally favored. The difference between BP7.7 and indexed is only a small constant factor. Table 2 shows the results on the query is list(L) where L is a list of random constants.
6 BP consumes linear space and linear time; YAP consumes linear space thanks to the global trie for terms but takes quadratic time; XSB is quadratic in both time and space. For random lists, suffix sharing with hash consing is clearly more effective than prefix sharing with tries. Tables 3 and 4 show the results on the edit distance program with repeated data and random data, respectively. The main predicate edit(L1,L2,D) in the program computes the distance between L1 and L2, i.e., the number of substitutions, insertions and deletions needed to transform L1 to L2. The tabled version finds all solutions. BP7.7 is significantly faster than BP7.6 on the type of queries that use repeated data. BP7.7 also outperforms YAP and XSB in both time and space on Table 3 . Results on edit ([1,1,...,1],[1,1,...,1],D both types of queries. Similar to the is list benchmark, enhanced hash-consing is asymptotically more effective than tries on random data. Table 5 compares BP7.7 and BP7.6 on the PRISM program that simulates a two-state hidden Markov model (Sato et al. 2010 ). For our benchmarking purpose, the training data of the form hmm ([a,b,a,b,. ..]) are used, and only the time and space required to find all the explanations are measured. While BP7.7 consumes slightly more space than BP7.6 due to the overhead of hash-consing, it outperforms BP7.6 in time by a linear factor. Although it is more common for subgoals of recursive programs to share suffixes than prefixes, it is possible to find programs on which prefix sharing with tries is more effective than suffix sharing with hash-consing. The following gives such a program: Table 6 , XSB consumes linear space, while BP and YAP consume quadratic space. YAP tables all suffixes into the global trie for terms and there are O(N 2 ) suffixes. BP7.7 consumes more table space than BP7.6 since all the terms are hash-consed but none is shared. BP7.6 is slower than BP7.7 since the hash function used in BP7.6, which is based on the first three elements of a list, results in more collisions than BP7.7. Table 7 compares the systems on the CHAT benchmark suite and the ATR parser. There is almost no difference between BP7.7 and BP7.6 in time and the space overhead incurred by hash-consing is noticeable. Hash-consing has no positive effect on these programs because the sequences used in the programs are very short.
Since structure sharing (Boyer and Moore 1972) was discarded and the Warren Abstract Machine (WAM) (Warren 1983) triumphed as the implementation model of Prolog, there has been little attention paid to exploiting data sharing in Prolog implementations.
7 In his Diploma thesis (Neumerkel 1989 ), Ulrich Neumerkel gave several example Prolog programs that would consume an-order-of-magnitude less space with data sharing than without sharing. He proposed applying hashconsing and DFA-minimization to sharing terms including cyclic ones. The proposed approach would incur considerable overhead if every compound term is hashconsed when created, and hence it is infeasible to incorporate the approach into the WAM. Following Appel and Goncalves's hash-consing garbage collector for SML/NJ (Appel and de Rezende Goncalves 2003), Nguyen and Demoen recently built a similar garbage collector for hProlog (Nguyen and Demoen 2012) . The garbage collector hash-conses compound terms on the heap in one phase and performs absorption in another phase such that for the replications of a compound term only one copy is kept and all the others are garbage collected. Their experiment basically confirms the disappointing result reported in Appel and Goncalves's paper: the overhead outweighs the gain except for special programs.
Hash-consing can be applied to the built-in predicate findall/3, as suggested by O'Keefe (O'Keefe 2001), to avoid repeatedly copying the same term in different answers. Currently, B-Prolog is the only Prolog system that supports hash-consing for findall/3. It employs a hash table for ground terms in the findall area. The algorithm and memory manager developed for the table area is reused for the findall area. With hash-consing, the system copies a ground term only once when copying answers from the findall area to the heap. Input sharing is exploited in the same way as for tabled subgoals. For a findall call, the compiler converts it into a call to a temporary predicate such that each argument of the generator occupies one slot in the stack frame. At runtime, the system first copies the arguments of the generator from the stack/heap to the findall area before the generator is executed. When an argument of the generator is found to be a ground compound term, its frame slot is set to reference the copy in the findall area. In this way, the argument and its subterms can be reused by the answers and the descendant calls. Nguyen and Demoen's implementation of input sharing for findall/3 (Nguyen and Demoen 2012) distinguishes between old terms that are created before the generator and new terms that are generated by the generator, and have answers share the old terms. Their scheme can exploit sharing of not only ground arguments but also ground terms in non-ground arguments. Their scheme may not be suited for tabled data since, unlike data in the findall area which live and die with the generator, tabled data are permanent. Also, their implementation does not exploit output sharing.
A trie has been a popular data structure for organizing tabled subgoals and answers (Ramakrishnan et al. 1998) . It is adopted by all the tabled Prolog systems except B-Prolog. As far as lists are concerned, a trie facilitates sharing of the prefixes while hash-consing allows for sharing of the suffixes. So for the two lists [1,2] and [1,2,3], the former shares the same path as the latter in the trie, but they are treated as separate lists when hash-consed; for the two lists [2, 3] and [1,2,3], however, a trie allows for no sharing while hash-consing allows for complete sharing.
Another advantage of tries is that they can be used to perform both variant testing and subsumption testing, and thus can be used in both variant-based and subsumption-based tabling systems. Hash-consing, on the other hand, can be used to perform equivalence testing only and thus cannot directly be used for subsumptionbased tabling.
Terms stored in a trie have a different representation from terms on the heap. For example, in the YAP system, tries are represented as trie instructions (Santos Costa et al. 2012) . For this reason, when an answer is returned, it must be copied from its trie in the table area to the heap even if it is ground. In our system, structured ground terms in the table area have exactly the same representation as on the heap, so when they occur in an answer they do not need to be copied when the answer is returned.
In the original implementation of XSB and YAP, one trie is used for all tabled subgoals, and for each subgoal one trie is used for the answer table. To enhance sharing, Raimundo and Rocha propose using a global trie for all tabled structured terms (Raimundo and Rocha 2011) . Due to the necessity of copying answers from the table area to the heap, the time complexity remains the same even when the space complexity drops.
To some extent, the idea of representing sentences as position indexed facts (Have and Christiansen 2012; Swift et al. 2009 ) is similar to hash-consing in the sense that a hash-consed term always is associated with a hash code. The translation from a program that deals with sequences represented as lists into one that uses position representation is not trivial. When difference lists are involved, the translation is even more complicated. The program obtained after translation may lose sharing opportunities. Therefore, hash-consing is a more practical solution to sharing than program transformation.
As far as we know, our implementation is the first attempt to apply hash-consing to tabling. Our implementation enhances hash-consing with input sharing and hash code memoization to speed-up computation of hash codes. The extra cell used to store the hash code of a compound term is overhead if the term is never shared. Nevertheless, while the increase of space is always a constant factor, the gain in speed can be linear in the size of the data.
Conclusion
We have presented an implementation of hash-consing for tabling structured data. Hash-consing facilitates sharing of structured data and can eliminate the extra linear factor of space complexity commonly seen in early tabling systems when dealing with sequences. Hash-consing alone does not change the time complexity. We have enhanced it with input sharing and hash code memoization to eliminate the extra linear factor of time complexity in dealing with sequences. The resulting tabling system significantly improves the scalability of language parsing and biosequence analysis applications.
Our work will shed some light on the discussion on what data structure to use for tabled data. A trie is suitable for sharing prefixes and hash-consing is suitable for sharing suffixes of sequences. Although it is possible to find programs that make prefix sharing arbitrarily better than suffix sharing, it is more common for subgoals of recursive programs to share suffixes than prefixes. Therefore, hash-consing is in general a better choice than tries as a data structure for representing tabled data. Hash-consing as it is in our implementation is not suitable for subsumption-based tabling. It is future work to adapt hash-consing to subsumption testing.
